Jasmonic acid (JA) is an important plant hormone in the regulation of defenses 20 against chewing herbivores and necrotrophic pathogens. In Arabidopsis thaliana, the 21 JA response pathway consists of two antagonistic branches that are regulated by 22 MYC-and ERF-type transcription factors, respectively. The role of abscisic acid 23 (ABA) and ethylene (ET) in the molecular regulation of the MYC/ERF antagonism 24 during plant-insect interactions is still unclear. Here, we show that production of ABA 25 induced in response to leaf-chewing Pieris rapae caterpillars is required for both the 26 activation of the MYC-branch and the suppression of the ERF-branch during 27 herbivory. Exogenous application of ABA suppressed ectopic ERF-mediated PDF1.2 28 expression in 35S::ORA59 plants. Moreover, the GCC-box promoter motif, which is 29 required for JA/ET-induced activation of the ERF-branch genes ORA59 and PDF1.2, 30 was targeted by ABA. Application of gaseous ET counteracted activation of the 31 MYC-branch and repression of the ERF-branch by P. rapae, but infection with the 32 ET-inducing necrotrophic pathogen Botrytis cinerea did not. Accordingly, P. rapae 33 performed equally well on B. cinerea-infected and control plants, whereas activation 34 of the MYC-branch resulted in reduced caterpillar performance. Together, these data 35 indicate that upon feeding by P. rapae, ABA is essential for activating the MYC-36 branch and suppressing the ERF-branch of the JA pathway, which maximizes 37 defense against caterpillars.
Introduction 39
In nature plants are a food source for over one million herbivorous insect species 40 (Howe and Jander, 2008) . The evolutionary arms race between plants and their 41 herbivorous insect enemies has led to a highly sophisticated defense system in 6 VSP2 transcript levels decreased to basal levels at 48 h in both Col-0 and ein2-1 141 plants, suggesting that stimulation of the MYC-branch lasted until at least 6 h after 142 removal of the caterpillars. At 24 h, the ein2-1 plants showed a significantly 143 enhanced transcription level of VSP2 compared with Col-0 ( Figure 1) , indicating a 144 primed responsiveness to the MYC-branch. PDF1.2 transcript levels were very low in 145 both Col-0 and ein2-1. In myc2 as well as in aba2-1 mutants, the transcriptional 146 patterns of VSP2 and PDF1.2 were opposite to those observed in Col-0, showing 147 low VSP2 expression and high PDF1.2 expression up to 30 h. In myc2,3,4 mutants, 148 expression of VSP2 was almost zero. PDF1.2 levels in myc2,3,4 plants were similar 149 to Col-0 up to 30 h, after which they increased significantly at 48 h (Figure 1) . 150 Together these results confirm that the MYC transcription factors function as a 151 switch between the two branches of the JA pathway, whereby myc2,3,4 plants show 152 a delay in expression of the ERF-branch. Furthermore, ABA is essential for 153 activation of the MYC-branch and repression of the ERF-branch upon P. rapae 154 feeding, while the ET pathway has only a small, though significant, effect on the 155 MYC/ERF-balance during P. rapae feeding. To study whether the mutants used in this study are affected in herbivore-induced 159 levels of jasmonates (JAs; JA, the biologically highly active conjugate JA-Ile and the 160 JA-precursor OPDA) and ABA we monitored their accumulation in response to P. 161 rapae feeding. We also determined the production of ET in Col-0 wild-type plants. 162 For the measurement of JAs and ABA, first-instar caterpillars were allowed to feed 163 for 24 h after which they were removed from the leaves. Subsequently, hormone 164 levels were measured in caterpillar-damaged leaves at different time points after 165 caterpillar removal. Figure 2 shows that P. rapae feeding induced the accumulation 166 of JA, JA-Ile, OPDA and ABA in Col-0 wild-type plants, confirming previous findings 167 (Vos et al., 2013b) . In ein2-1 plants OPDA levels increased to a similar extent as in 168 Col-0, but in contrast, enhanced levels of JA-Ile, JA and ABA were detected. This 169 correlates with the observed enhanced VSP2 expression in ein2-1 plants upon P. 170 rapae feeding (Figure 1) . In myc2 and aba2-1 plants, the levels of the JAs raised in 171 general to a similar extent as in Col-0 plants, only the JA and JA-Ile levels did not 172 drop to basal levels at 48 h in aba2-1 (Figure 2 ). This indicates that the biosynthesis 173 of JAs is not significantly affected by the myc2 mutation and only relatively late 174 7 affected by the aba2-1 mutation. In myc2,3,4 plants, OPDA levels were significantly 175 reduced at all time points after caterpillar feeding compared with Col-0. JA levels 176 were also reduced in myc2,3,4, but only at 24 h. On the contrary, JA-Ile levels were 177 significantly enhanced in myc2,3,4 plants at 30 h and 48 h compared with Col-0. This 178 suggests that the JA biosynthesis pathway is perturbed in the myc2,3,4 plants, 179 resulting in low levels of OPDA, but enhanced production of JA-Ile. ABA levels were 180 highly induced by P. rapae feeding in Col-0 at 24 h, but not in myc2 and myc2, 3,4 181 plants. At later time points the ABA levels dropped in Col-0 and the differences 182 between the myc mutants and Col-0 were no longer significant. These data suggest 183 that herbivore-induced ABA biosynthesis is regulated via MYC transcription factors. 184 To monitor the emission of ET during P. rapae feeding, caterpillar-infested Col-0 185 plants were placed in 2-l air-tight cuvettes, which allows for continuous ET 186 measurements under climate chamber growth conditions. The positive control, 187 infection with the necrotrophic fungus B. cinerea, showed strongly enhanced ET 188 production ( Figure 3A ), whereas P. rapae infestation did not lead to changes in ET 189 production over a 72-h feeding period compared to non-treated control plants (Figure 190 3B). This indicates that P. rapae feeding does not influence ET production. Figure 1A ). This indicates that ABA acts positively on the P. 
212
ORA59 is a crucial transcription factor for activation of the ERF-branch marker 213 gene PDF1.2 (Pré et al., 2008) . To test if ABA can interfere with PDF1.2 activation 214 downstream of the ORA59 protein, we used a 35S::ORA59 overexpression line in 215 which PDF1.2 is constitutively expressed. The VSP2 expression pattern in the 216 35S::ORA59 line was similar to that in Col-0 after feeding by P. rapae and 217 application of ABA ( Figure 5A ). ORA59 levels were constitutively high in the 218 35S::ORA59 plants and were not significantly influenced by P. rapae or ABA 219 treatment. As expected, PDF1.2 was expressed constitutively in untreated 220 35S::ORA59 plants and was increased further upon feeding by P. rapae, which likely 221 can be ascribed to the elevated JA content in response to herbivory. Application of 222 ABA significantly repressed the PDF1.2 levels in P. rapae-infested 35S::ORA59 223 plants and a similar trend was found in the non-infested plants ( Figure 5A ). These 224 results suggest that ABA antagonizes PDF1.2 expression downstream of ORA59.
225
The GCC-box motif that is present in the promoter region of the PDF1.2 gene 226 and is the binding site for ERF transcription factors has previously been shown to be 227 sufficient for transcriptional activation by JA and suppression thereof by salicylic acid 228 (SA; Brown et al., 2003; Spoel et al., 2003; Van der Does et al., 2013) . Therefore, we 229 tested if the GCC-box is also targeted for suppression by ABA. We used a 230 transgenic GCC::GUS line containing 4 copies of the GCC-box fused to a minimal 231 35S promoter and the GUS reporter gene (Zarei et al., 2011) . We treated the plants Although the impact of ET signaling on the expression of the MYC-and the ERF-248 branch upon P. rapae feeding is not merely as great as that of ABA, we did observe 249 that in ein2-1 plants VSP2 transcription was significantly enhanced at 24 h compared 250 to Col-0 ( Figure 1 ). Furthermore, the production of JA, JA-Ile and ABA was contained more caterpillars than Col-0 when tested in a choice assay ( Figure 8A ).
295
This finding is in accordance with a preference of P. rapae caterpillars for plants that 296 express the ERF-branch, as shown for myc2 and aba2-1 upon infestation with P. 
303
To investigate whether the preference of P. rapae caterpillars for the ERF-304 branch-expressing myc2 and aba2-1 mutant plants coincides with increased 305 performance of the caterpillars on these genotypes, we assessed their growth in no-306 choice assays with Col-0, myc2, myc2,3,4, aba2-1, ein2-1, and JA-nonresponsive 307 coi1-1 plants. One first-instar P. rapae caterpillar was placed on each plant and 308 allowed to feed for 7 days, after which the caterpillar was weighed. Figure 8B shows 309 that there was no significant difference between the growth of caterpillars that fed 310 11 from Col-0, myc2 or aba2-1. In contrast, on ein2-1 mutants, caterpillar growth was 311 significantly inhibited. The growth of caterpillars on myc2,3,4 mutants was increased 312 to the same extent as on coi1-1 mutants. Next, we tested whether pretreatment of 313 Col-0 plants with solutions of 100 µM MeJA, 100 µM ABA or 1 µM of the ET 314 precursor 1-aminocyclopropane-1-carboxylic acid (ACC) had an effect on caterpillar 315 performance. MeJA or ABA pretreatment significantly reduced the weight of the 316 caterpillars, whereas pretreatment with ACC did not have an effect ( Figure 8C ).
317
Finally, the effect of prior infection with ET-inducing B. cinerea on P. rapae 318 performance was tested. Figure 8D shows that P. rapae performance was not 319 altered on B. cinerea-infected plants compared to control plants. 320 These results indicate that, although caterpillars have a preference for the ERF- has been demonstrated upon root herbivory (Erb et al., 2009; Lu et al., 2015) . We
358
show that aba2-1 plants fail to activate the MYC-branch in response to P. rapae to suppress activation of the MYC-branch in response to P. rapae feeding (Figure 7) .
430
In a previous study, where P. rapae feeding preceded B. cinerea infection, the MYC-431 branch was not suppressed either (Vos et al., 2015) . A likely explanation for the 432 discrepancy between the continuous application of gaseous ET and infection with B. 433 cinerea is that only the gaseous ET treatment activates the ET pathway to a great 434 enough extent to suppress the P. rapae-induced MYC-branch.
435
ET has been described to play a role in resistance to herbivores in many plant Arabidopsis, ET levels do not change upon feeding by P. rapae only excessive 441 amounts of ET seem to be able to suppress the MYC-branch upon P. rapae feeding.
442
Therefore, the induction of the ET pathway is unlikely to play a major role in the 443 defense response of Arabidopsis to P. rapae feeding (Figure 9 ). The importance of ABA in defense against insect herbivory became further apparent 448 from bioassays in which preference and performance of P. rapae caterpillars was 449 determined. In two-choice assays P. rapae caterpillars were found to prefer to feed 450 from the aba2-1 and myc2 plants over wild-type Col-0 plants ( Figure 8A) . These 451 findings confirm previous results that P. rapae caterpillars prefer to feed from plants 452 expressing the ERF-branch (Verhage et al., 2011). There was no preference for 453 either ein2-1 or Col-0 plants when caterpillars were given a choice between those 454 two genotypes in a two-choice assay ( Figure 8A) . Comparably, the specialist 455 caterpillar P. xylostella did not move away faster from leaves in which the MYC- ABA treatment significantly reduced caterpillar performance ( Figure 8C ). Moreover, 466 caterpillar performance on the myc2,3,4 and coi1-1 mutants was greatly enhanced 467 ( Figure 8B ). This indicates that full activation of the MYC-branch is needed to 468 effectively reduce growth of the caterpillars, while activation of the ERF-branch 469 determines preference of specialist caterpillars, which may enable them to choose 470 plants on which their performance is not negatively affected.
471
Altogether, this study highlights the interplay between JA on the one hand, and 472 ABA and ET on the other hand, in shaping the outcome of the defense response that 473 is triggered upon caterpillar feeding. We show that induced ABA can activate the 474 MYC-branch upon P. rapae feeding and suppress the ERF-branch by targeting the 475 GCC-box. Although ET is also capable of suppressing the MYC-branch, ET 476 production is not induced by P. rapae feeding and is not likely to play a role in the 477 defense response upon feeding. By prioritizing the MYC-branch over the ERF-478 branch during insect herbivory, Arabidopsis is capable of prioritizing its JA-induced 479 response to defenses that contribute to maximizing the chance of survival. 
499
Caterpillars were removed 24 h later and leaves were harvested at different time 500 points after infestation. For the ET production measurement, caterpillars remained 501 on the leaves for the entire assay.
502
For the two-choice assays, two or three aba2-1 and ein2-1 mutant plants 503 (instead of one plant), were grown in one pot to compensate for their smaller size.
504
Biomass and leaf area were measured from a representable subset of 6-week-old 505 plants before the start of the assay to verify that the amount of leaf tissue was equal 506 among the different genotypes tested. Two pots containing Col-0 wild-type plants 507 and two pots a mutant were placed together in an arena, such that there was 508 physical contact between the plants. Two first-instar caterpillars were released on 509 the plants in each pot in the arena (n=20-30), so that there were eight caterpillars per 510 arena that could freely move through the arena. After 4 days, the number of 511 caterpillars present on each genotype was monitored and the frequency distribution 512 of the caterpillars over the different genotypes was calculated.
513
To examine caterpillar performance, a single first-instar caterpillar was placed on 514 a 5-week-old plant inside a plastic cup covered with an insect-proof mesh to contain 515 the caterpillars. After 7 days of feeding, caterpillars were weighed to the nearest 0.1 516 mg on a microbalance. Northern blots were hybridized with gene-specific probes for PDF1.2 and VSP1/2 574 (Leon-Reyes et al., 2010) . After hybridization with α-32 P-dCTP-labeled probes, blots 575 were exposed for autoradiography.
576
The AGI numbers of the studied genes are At1g32640 (MYC2), At5g24780 577 (VSP1), At5g24770 (VSP2), At1g06160 (ORA59) and At5g44420 (PDF1.2). surface area for each daughter-ion peak was recorded for the detected analytes.
598
Analytes were quantified using standard curves made for each individual compound. indicate a statistically significant difference from the 50% percentile (Student's t-test) . 735 In cases of statistically significant differences (P<0.05), the preferred branch of the 736 JA pathway is marked with a circle. Experiments were repeated with similar results. 
740
The hormone solutions were applied as root-drench at 5 and 2 days before 741 caterpillar feeding. One first-instar P. rapae caterpillar was placed on each plant and 742 allowed to feed for 7 days after which the weight was determined. Asterisks indicate 743 a statistically significant difference in comparison to Col-0 or mock-treated plants 744 (ANOVA, Dunnett post-hoc tests; *** = P<0.001; * = P<0.05, NS = not significant).
745
Error bars represent SE, n=8-28 plants. Col-0 plants at 24 h. Different letters indicate statistically significant differences 782 between treatments of one line. Indications above the brackets specify whether there 783 is an overall statistically significant difference between myc2 and Col-0 (two-way
